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1st Editorial Decision 04 July 2011
Thank you for submitting your manuscript for consideration by The EMBO Journal. Three referees have now evaluated it, and their comments are shown below. As you will see, the referees are generally positive and would support publication here after appropriate revision. We should thus be happy to consider a suitably revised manuscript. Still, some major issues are raised regarding the representation and analysis of and the conclusions drawn from the structural data that should be addressed or responded to in an adequate and convincing manner to the satisfaction of the referees. I should add that it is EMBO Journal policy to allow only a single round of revision, and acceptance of your manuscript will therefore depend on the completeness of your responses in this revised version.
When preparing your letter of response to the referees' comments, please bear in mind that this will form part of the Peer Review Process File, and will therefore be available online to the community. For more details on our Transparent Editorial Process, please visit our website: http://www.nature.com/emboj/about/process.html
We generally allow three months as standard revision time. As a matter of policy, competing manuscripts published during this period will not negatively impact on our assessment of the conceptual advance presented by your study. However, we request that you contact the editor as soon as possible upon publication of any related work, to discuss how to proceed.
Thank you for the opportunity to consider your work for publication. I look forward to your revision.
Yours sincerely,
Editor
The EMBO Journal _____ REFEREE REPORTS:
Referee #1 (Remarks to the Author):
The manuscript presents a significant advance in our understanding of supercomplex organisation in mitochondrial respiratory chain. It is a first cryo-EM study of the supercomplex, producing 19 Å resolution. Therefore, fit of X-ray structures into the map seems reliable, although it can be studied further (see below). Authors' discussion of possible electron transfer pathway is reasonable and indicates that respiratory chain may be optimised for fast shuttling of electron carriers. Even though somewhat similar structure was determined previously in negative stain, much higher reliability of this model is an important step towards establishing the role of supercomplexes in respiration.
Major question:
Only surface volume representation of the structure is shown throughout. However, for cryo-EM data, even at 19 Å resolution, it would be informative to show slices through the density, to illustrate how well (or not) internal protein density corresponds to the fitted X-ray structures (similarly to fig.  S3 ). It should also be possible to resolve, on the basis of density, the entire volume into three separate volumes corresponding to three complexes, which should give a better idea of how good is the fit proposed by authors.
Minor corrections: Fig. 1, p . 5 -0.05% Amphipol seems more effective in keeping protein in solution than 0.2%. Why 0.2% was chosen?
p. 11 -it is very unlikely that ubiquinol will travel on a "curved" trajectory from complex I to III, as suggested in the text and in fig. 6 . There is no protein in between the complexes to allow hydrophobic quinol to be out of the membrane for part of such "journey". It is likely, however, that before leaving complex I, reduced ubiquinol is returned to the membrane and is transported towards complex III fully embedded in the membrane.
Clason et al 2010 complex I model is shown in inverted hand ( fig. S2 ), compared to the original publication, in agreement with later X-ray data. This is however not acknowledged in text or figure legend.
p. 13 -ubiquitinol -should be ubiquinol. p. 14 "The bridge-like connection formed by the complex I domains 5/6 on the matrix arm and the PMP/CMP on the membrane arm appears thicker than in the isolated complex I". This is not apparent from fig. S2 -rather, the connection appears to be broken in the supercomplex. Please elaborate on this. p. 15 "Comparing the cryo-EM map of the supercomplex to the map in negative stain (Schäfer et al., 2007) , we found that the volume of the latter was nearly 50% smaller." However, Schäfer et al. claim in their publication that "The final 3D map was displayed at a threshold of 2 sigma and has a calculated molecular mass of 1700 kDa, which corresponds very well to the experimentally determined mass (16) of the whole supercomplex including residual bound detergent, lipid, and Coomassie." How can this be reconciled? What is the calculated molecular mass of cryo-EM volume?
Referee #2 (Remarks to the Author):
This paper reports single particle analyses of supercomlex of bovine mitochondrial electron transfer complexe composed of complexes I1, III2, IV1. The supercomplex was stabilized with amphipole. The resolution of the 3D map has been improved remarkably up to 19 Å resolution, giving a welldefined, unique arrangement of these complexes, which provides many physiologically important aspects for such as possible inter-complex electron pathways, lipid protein interactions for the supercomplex formation and the role of each monomer of complex III. Contribution of the amphipole to this impressive accomplishment would not be ignored by the readers of this Journal. The presence of any physiologically significant supercomplex has not been well accepted, because, unfortunately, the structural resolution level of these proposed supercomplexes so far reported is not sufficiently high. However, the careful structural determination in this paper provides the structure sufficiently high even for the general readers of EMBO J who are sceptical to the presence of the supercomplex to be convinced. The reviewer strongly recommends for the editorial board to accept this paper for publication in EMBOJ. However, the following minor revisions are desirable for further improvement of this manuscript; 1) The statement "suggesting that the dimmer seen in the X-ray structures form during isolation or crystallization" seems to mean that the dimmer formation is an artifactual phenomenon. On the other hand, the discussion on the assembly of complex IV given in the third paragraph of page 15 sounds a proposal for some physiological relevance of the dimmer formation. The inconsistency could be removed.
2) Without Figure S2 , it is fairly hard especially for the readers outside the complex I field to follow the paragraph from page 14, line 13 to page 15, linen4. I recommend to give Figure S2 as one of the regular figures and to move some part of Materials and Method to Supplementary Information for keeping the page limitation.
3) Page 17, line 8-10, "Although the distance the electron has to travel on cytochrome c from the proximal binding site to complex IV is longer by 1 nm compared to the distal site, the overall distance is shorter and involves fewer electron transfer steps." The definition for "the overall distance" is not clear. Some additional interpretation for this sentence is desirable. 4) In the "Lipid-protein interaction" chapter in page 13, the authors propose that lipid can mediate strong interactions between the 3 complexes in the supercomplex in analogy to 2D crystals of bacteriorhodopsin and aquaporin. However, the supercomplex is not in crystalline state. An identical conformation for each protein molecule is prerequisite for any protein crystal stability. The reviewer is afraid that the difference should not be ignored. It is nice to have some comment on this point.
Referee #3 (Remarks to the Author):
Althoff et al. present a 19 Å resolution cryo EM 3-D reconstruction of bovine mitochondrial supercomplex I(1)III(2)IV(1) vitrified and imaged in presence of amphipol 8-35. The study builds on and extends a previous reconstruction obtained from negatively stained specimen by Schafer et al. (2007) . Novel features include a more precise fitting of available crystal structures and overall more detail with respect to inter complex interactions (or lack thereof). The overall complex architecture determined from the cryo EM model is overall very similar to the topology as originally deduced from the previous negative stain model, including the proximity of the electron transfer sites, and consequently, the authors of the current study come to similar conclusions as Schafer et al. with respect to the possibly increased efficiency of electron transfer in the supercomplex. In that respect, it is not entirely clear how much truly novel insight can be gained from the current cryo EM study. However, on the other hand, the quality of the cryo EM model is certainly superior compared to the earlier model, especially as the cryo reconstruction does not suffer from the potential drying and flattening artifacts often seen in volumes reconstructed from stained data. Consequently, the more detailed conclusions in terms of the overall electron transfer reaction as drawn from the cryo model maybe more reliable. Enthusiasm for the study is significant, but dampened by a number of shortcomings, including frequent objective judgements when interpreting results, and poorly explained methods, which, taken together, lead to some uncertainty regarding the validity of some of the interpretations and main conclusions.
Specific points:
(1) To have "Functional assembly...." in the title may require more functional analysis than an activity staining assay of two of the three components in BN-PAGE. Maybe change to "Structural features of bovine mitochondrial supercomplex I(1)III(2)IV(1) by cryo EM"? See also point (2).
(2) One drawback with amphipols is that the polymers tend to render membrane complexes inactive (e.g. CaATPase, Champeil et al., JBC, 275, 18623) . Did the authors check for activity of complexes I, III and IV in the preparation used for EM? The activity staining on BN PAGE is promising but amphipol might have been replaced by the Coomassie dye during electrophoresis. Since the authors speculate about different conformations in context of supercomplex function (Fig. 4) , it would be important to demonstrate enzymatic activity of all three components in the samples used for EM.
(3) Due to bound amphipols and/or lipids, the reconstruction appears considerably larger than the crystal structures -a feature that appears to suggest some uncertainty with the fitting in some areas.
The authors need to do a better job presenting the crystal structure fits in a way that shows the quality of the match. In the current figures, it is really hard to see how well the structures fill the EM density. One possibility may be to show a few contoured cross sections parallel and perpendicular to the membrane.
(4) In addition to improved representations, some objective measure should be provided for the quality of the fits. The authors state that they used manual fitting (page 7) -a bit surprising considering the 19 Å resolution of the model. Since the authors used Chimera for placing the crystal structures into their EM density, have they tried the automatic 'fit in map' option? This procedure also provides a quantitative measure of the quality of a fit and allows a comparison of different fits beyond a subjective estimate of the quality of the manual fitting.
(5) The authors state that the averages obtained from amphipol samples "...seemed better preserved ... as indicated by clearer class averages". Instead of relying on subjective judgement, the authors could have determined the resolutions of some of the averages. In fact, some of the averages in Fig.  2B (digitonin) seem to show more detail such as images 1, 2, 4, 6, 19, 20, 24 etc.
(6) The authors should show a few projections of the final model and compare these to the initial averages used for starting up the 3-D reconstruction. A defined boundary between complex and solvent would provide confidence that the "bumps" (page 9) seen at the periphery of the model are a true structural feature and not artifacts from the reconstruction procedure.
(7) The argument that protrusions on the outside of the model not filled by the crystal structures maybe due to additional subunits present in the bovine enzyme (page 9, last sentence) may also hold true for the space in between complexes, which the authors speculate is likely filled by e.g. cardiolipin. How many lipid molecules would fit in the gap between e.g. complex I and complex III dimer? Without protein-protein contacts, how do the authors think is a homogeneous quaternary structure maintained?
(8) The description of the reconstruction procedure "Data processing" (page 20) is a bit sparse and hard to follow -certainly of not much use for someone hoping to learn something from this study in terms of image analysis. Overall, more detail needs to be given regarding the rationale for each step. For example: (a) What was the box size used for extracting the molecules from the micrographs? Is the box size of the averages shown in Fig. 2 Referee #1 Major question:
(1) Only surface volume representation of the structure is shown throughout. However, for cryo-EM data, even at 19 Å resolution, it would be informative to show slices through the density, to illustrate how well (or not) internal protein density corresponds to the fitted X-ray structures (similarly to fig.  S3 ). It should also be possible to resolve, on the basis of density, the entire volume into three separate volumes corresponding to three complexes, which should give a better idea of how good is the fit proposed by authors.
We did of course use the whole map volume rather than just the surface to fit the X-ray structures. We now show a series of 22 Å slices through the map volume at two contour levels in a new main figure, Fig. 3 , as requested by two referees. In these slices the extramembaneous features of the three component complexes on the matrix side and on the intermembrane side of the supercomplex are very clear, as would be expected for a soluble protein complex at this resolution. This is due to the comparatively high difference in density between soluble protein (1.36 g/ml) and the surrounding vitreous buffer (~1 g/ml; see K¸hlbrandt, Ultramicroscopy (1982) for a discussion of electron scattering density and low-resolution contrast in EM). By comparison, the membrane parts of the three component complexes are less well-defined in the two slices through the hydrophobic bilayer core (Fig 3 H+I) . This can be attributed to the lower density of the membrane-embedded parts of the component complexes, which at this resolution would be at an intermediate value between that of the hydrophobic membrane interior (estimated at ~0.9 g/ml) and soluble protein (1.36 g/ml). The membrane regions thus scatter electrons less strongly than the extramembranous regions, and therefore areas occupied by protein or lipid are less distinct in this part of the map. Instead, the membrane region is dominated by the amphipol belt, which has a density of 1.24 g/ml (Gohon et al., Langmuir (2006) , Table 2 ). Nevertheless, owing to the well-defined extramembraneous regions, the fit of the X-ray structures to the supercomplex map is unambiguous and equally precise in all three directions of space. This is described on p. 8 of the revised manuscript. Note that the low density in the membrane region is also evident in the cryo-EM map of photosystem II supercomplex, where at a similar resolution to ours the bilayer region appears hollow ( Fig. 1 d and e in Nield et al., NSMB (2000)). It is also apparent in side views of a cryo-EM 3D map of the V-type ATPase (Fig 1 c and d in Muench et al., JMB (2009)), as discussed in the new section on Lipid content on pp. 15-17 of the revised manuscript. Neither of the earlier papers addresses this conspicuous effect. By comparison, the membrane region appears solid in class averages of side views of the mitochondrial supercomplex ( Fig. 2C ), most likely due to the higher density of the amphipol.
Minor corrections:
(2) Fig. 1, p . 5 -0.05% Amphipol seems more effective in keeping protein in solution than 0.2%. Why 0.2% was chosen?
The gel by itself is not sufficient for judging the best amphipol concentration for this purpose Other factors, such as the tendency to form aggregates, complex stability and handling for cryo-EM grid preparation, all play a role. Taken all these factors together we found that 0.2% worked better than 0.05%.
(3) p. 11 -it is very unlikely that ubiquinol will travel on a "curved" trajectory from complex I to III, as suggested in the text and in fig. 6 . There is no protein in between the complexes to allow hydrophobic quinol to be out of the membrane for part of such "journey". It is likely, however, that before leaving complex I, reduced ubiquinol is returned to the membrane and is transported towards complex III fully embedded in the membrane.
Please note that the membrane arm domain just below the matrix arm (NuoH) is missing in the X-ray structures of the bacterial enzyme, which are shown in this figure, as we do not have atomic coordinates for the eukaryotic complex. In any case, the curved trajectory is not meant to represent the actual path of the UQ, which has to await more detailed investigation. Any alternative depiction would be no less arbitrary, and might suggest more knowledge than we actually have at present. We therefore prefer to keep the simple, curved trajectory for the time being.
(4) Clason et al. 2010 complex I model is shown in inverted hand ( fig. S2 ), compared to the original publication, in agreement with later X-ray data. This is however not acknowledged in text or figure legend.
Thanks for pointing this out. We now note the inverted hand of the complex I map map in the legend of Fig. S3 (formerly S2) of the revised manuscript.
(5) p. 13 -ubiquitinol -should be ubiquinol. Thanks.
(6) p. 14 "The bridge-like connection formed by the complex I domains 5/6 on the matrix arm and the PMP/CMP on the membrane arm appears thicker than in the isolated complex I". This is not apparent from fig. S2 -rather, the connection appears to be broken in the supercomplex. Please elaborate on this.
The bridge connection is indeed thicker in the cryo-EM reconstruction of the supercomplex than in negative stain. This is less clear in Fig. S3 (formerly S2) than in Fig. 7B of the revised manuscript.
We now refer to both. Note however that DMP and PMP are physically separate in both S3 A and B.
(7) p. 15 "Comparing the cryo-EM map of the supercomplex to the map in negative stain (Schäfer et al., 2007) , we found that the volume of the latter was nearly 50% smaller." However, Schäfer et al. claim in their publication that "The final 3D map was displayed at a threshold of 2 sigma and has a calculated molecular mass of 1700 kDa, which corresponds very well to the experimentally determined mass (16) of the whole supercomplex including residual bound detergent, lipid, and Coomassie." How can this be reconciled? What is the calculated molecular mass of cryo-EM volume?
The volume of our map at a contour level of 2.5 , which just covers the hydrophilic protein domains, is 3.4 x 106 Å3. If the whole volume were filled with protein (0.82 Da/Å3), its total mass would be 2,790 kDa. The combined protein mass of the bovine heart respiratory chain complexes in the supercomplex is almost exactly 1,700 kDa, corresponding to a volume of ~2.1 x 106 Å3. Therefore, the protein takes up about 60% of the map volume at this contour level, while lipids and amphipols account for the remaining 40%. If we assume that the respiratory chain supercomplex binds 0.11 g amphipol per g protein (Popot et al., Annu. Rev. Biophys. (2011)), the total mass of amphipol in the supercomplex would be 190 kDa. With an amphipol density of 0.74 Da/Å3, this corresponds to almost 10% of the total volume. The remaining 30% of the volume (about 106 Å3) would then be lipid. Assuming further a lipid density of ~0.66 Da/Å3, the complex would contain 660 kDa of lipid. The total mass for the amphipol-solubilized lipid-protein supercomplex would then be ~2,550 kDa. Schäfer et al. (2007) do not give the volume of their map, but merely state that it "represents the right mass of 1,700 kDa" of the supercomplex, which however, as we now know, accounts only for the protein. It follows that their map volume is about 2.1 x 106 Å3, or roughly 60% of ours. A comparison of Fig. 2 in Schäfer et al. (2007) to Fig. 3 and 4 in our manuscript indicates severe shrinkage of the supercomplex in negative stain, especially in the membrane plane. Indeed, the top and bottom views in this figure suggest that the complex III dimer and complex IV partly interpenetrate the complex I region in negative stain. This can be safely attributed to dehydration, which thus accounts for most of the difference in volume. The fact that the volume of the negativestain map happens to correspond to that of the protein is an accidental result of shrinkage and airdrying, which cancels out the volume contributions of the lipid and detergent. This is now explained more fully in a new section of the Discussion on p. 15 of the revised manuscript.
Minor points:
(1) The statement "suggesting that the dimmer seen in the X-ray structures form during isolation or crystallization" seems to mean that the dimer formation is an artifactual phenomenon. On the other hand, the discussion on the assembly of complex IV given in the third paragraph of page 15 sounds a proposal for some physiological relevance of the dimmer formation. The inconsistency could be removed.
We see no evidence of a complex IV dimer in the present supercomplex, but we did not mean to imply that dimer formation of complex IV is an artefact, as pointed out on p. 10 of the revised manuscript. The interaction through the dimer interface is real, and may well occur in other, larger supercomplexes, which have been described (Schägger & Pfeiffer, EMBO J (2000); Schägger & Pfeiffer, JBC (2001)), although there seems to be no functional role for such a dimer in the assembly. We also see no evidence of supercomplex dimers that might form through this interaction, either in the isolated complex or in the membrane, although we now do see the supercomplex in tomographic volumes of entire mitochondrial membranes (Davies, Daum, K¸hlbrandt, unpublished results).
(2) Without Figure S2 , it is fairly hard especially for the readers outside the complex I field to follow the paragraph from page 14, line 13 to page 15, linen4. I recommend to give Figure S2 as one of the regular figures and to move some part of Materials and Method to Supplementary Information for keeping the page limitation.
We thank the referee for this suggestion. However, as the figure (now Fig. S3 ) relies mostly on the published work of others, we prefer to leave it in the supplementary materials and keep the regular figures for our own main results.
(3) Page 17, line 8-10, "Although the distance the electron has to travel on cytochrome c from the proximal binding site to complex IV is longer by 1 nm compared to the distal site, the overall distance is shorter and involves fewer electron transfer steps." The definition for "the overall distance" is not clear. Some additional interpretation for this sentence is desirable.
We have now made it clear that the total distance from NADH to O2 is shorter in this trajectory on p. 21 of the revised manuscript.
(4) In the "Lipid-protein interaction" chapter in page 13, the authors propose that lipid can mediate strong interactions between the 3 complexes in the supercomplex in analogy to 2D crystals of bacteriorhodopsin and aquaporin. However, the supercomplex is not in crystalline state. An identical conformation for each protein molecule is prerequisite for any protein crystal stability. The reviewer is afraid that the difference should not be ignored. It is nice to have some comment on this point.
It is true that well-defined protein-lipid-protein interactions have so far been observed only in highresolution structures of 2D crystals. However, at least some of the subunit contacts in the photosystem I structure, which are not involved in crystal contacts (Ben-Shem et al., Nature (2003)) must be mediated by well-ordered lipids, although at 4.4 Å resolution the exact interactions are not resolved. We believe that specific lipid contacts are likely to play a major role in membrane protein complex formation and stability. This is discussed on pp. 15-17 of the revised manuscript.
Referee #3 (Remarks to the Author): … the authors of the current study come to similar conclusions as Schäfer et al. with respect to the possibly increased efficiency of electron transfer in the supercomplex. In that respect, it is not entirely clear how much truly novel insight can be gained from the current cryo EM study.
The referee is mistaken that there are no truly novel insights from our supercomplex map. For example, bound cytochrome c was not visible at the low resolution of the map in negative stain. More importantly, the complex IV structure was fitted the wrong way round to the negative stain map of Schäfer et al. (2007) , with the dimer interface oriented towards complex III. This major difference is now pointed out more clearly on p. 10 of the revised manuscript.
Specific points:
We have omitted the word "functional" from the title.
Amphipols do not "tend to render membrane complexes inactive". Extensive functional data have been collected on three membrane proteins to date: bacteriorhodopsin, the nicotinic acetylcholine receptor (nAChR) and sarcoplasmic Ca ATPase. In the first two instances, not only is the function not inhibited, but actually closer to what it is in the membrane than in detergent solution (Gohon, Biophys. J., 2008; Martinez, FEBS Lett., 2002) . So far, an inhibition has been observed only with Ca ATPase, but this is fully reversible when the protein is put back into detergent (Champeil, 2000, JBC; Picard, 2006, Biochemistry) . Even so, such an inhibition is highly unlikely to result in structural changes that would be detectable at 19 Å resolution. Direct structural comparisons of detergent-solubilized and amphipol-trapped tOmpA (Zoonens, PNAS (2005) (2009)). Against this substantial body of evidence, it is unreasonable of the referee to request that we demonstrate enzymatic activity of all three components, as we have already demonstrated that two of the components in the supercomplex are active, so there is even less reason to believe that this would not be the case for the third component, complex III.
(3) Due to bound amphipols and/or lipids, the reconstruction appears considerably larger than the crystal structures -a feature that appears to suggest some uncertainty with the fitting in some areas. The authors need to do a better job presenting the crystal structure fits in a way that shows the quality of the match. In the current figures, it is really hard to see how well the structures fill the EM density. One possibility may be to show a few contoured cross sections parallel and perpendicular to the membrane.
As pointed out in response to comment (7) of referee #1, the reconstructed volume is indeed considerably larger, due to the shrinkage by 40% in negative stain. However, the larger volume does not mean that it is in any way more difficult to fit the X-ray structures. On the contrary, the clear features of the extramembraneous domains allow a precise fit of all three component complexes. As requested also by this referee, we present contoured cross sections and fits in the new Fig. 3 of the revised manuscript.
The referee should be aware that in a case such as this, where three different large complexes are fitted to the very large map of a supercomplex, an automatic process will either not work at all, or would give arbitrary results. A quantitative measure of the quality of the fit would therefore not be meaningful.
(5) The authors state that the averages obtained from amphipol samples "...seemed better preserved ... as indicated by clearer class averages". Instead of relying on subjective judgement, the authors could have determined the resolutions of some of the averages. In fact, some of the averages in Fig.  2B (digitonin) seem to show more detail such as images 1, 2, 4, 6, 19, 20, 24 etc. We have re-phrased this passage on p. 7 of the revised manuscript as follows: "Although we did not find significant differences between supercomplexes in amphipols and digitonin, we used amphipol-solublized supercomplexes exclusively for the 3D reconstruction, considering the generally higher stability of membrane proteins in amphipols, the better separation on density gradients, and the absence of detergents, which can cause problems in cryo-EM grid preparation."
We are happy to comply with these suggestions, and have added reprojections as Fig. 2D, and a new  supplementary figure S4 , which shows that the "bumps" are reproducible and real, and most likely due to the formation of amphipol nanoparticles, as discussed on p. 11 of the revised manuscript.
As stated plainly in the original manuscript, there are protein-protein contacts, although they are few in number. Nevertheless, they might be strong and specific, for example if they were ion bridges, for which the observed distances between alpha carbon atoms, or between alpha carbons and the 6 Å map of complex I, are in the right range. We have endeavoured to make this point more clearly on pp. 11/12 and p. 16 of the revised manuscript. Based on the estimate in our response to comment (7) of referee #1, the molecular mass of the total lipid in the supercomplex at the chosen contour level of 2.5 is roughly 660 kDa. The average molecular mass of a membrane lipid is ~750 Da, or 1500 Da for cardiolipin, so that the supercomplex would contain up to 880 lipid molecules with two fatty acid tails, or up to 440 molecules of cardiolipin. Obviously the estimated number of lipids per supercomplex is strongly dependent on the level used for calculating the map volume. For example, at a contour level of 3.3 , which still describes the protein density quite well, the map volume is 2.85 x 106 Å3. The calculated volumes of amphipol and protein would be unchanged, but the lipid volume would be less than half, accommodating roughly 400 or 200 lipid or cardiolipin molecules, respectively. The total mass for the amphipol-solubilized lipid-protein supercomplex would then be in the range of 2,200 to 2,500 kDa. The lipid would occupy mostly the space between the component complexes in the membrane plane. Assuming a surface area per average lipid of ~70 Å2, we estimate that roughly 300 lipid molecules would fit between complexes I, III and IV. Presumably, the remaining lipid is trapped by the amphipol (Gohon et al., Biophys. J. (2008) ) in an annulus around the perimeter of the supercomplex. In response to the refereeís comments, we have re-written and expanded the sections on amphipols (p. 11) and on lipid content and lipid interactions on pp. 15-17 of the revised manuscript.
(8) The description of the reconstruction procedure "Data processing" (page 20) is a bit sparse and hard to follow -certainly of not much use for someone hoping to learn something from this study in terms of image analysis. Overall, more detail needs to be given regarding the rationale for each step. For example:
We think it unlikely that anyone would be bold enough to attempt to learn image analysis and single-particle processing from a study such as this. Many more suitable, comprehensive papers, reviews, web tutorials and workshops are available for this purpose. Please note that most manuscripts that focus on new results rather than single-particle methods development are much more sparse than ours on image processing procedures. Nevertheless, we are pleased to include the details as requested by the referee in the methods on pp. 25/26 of the revised manuscript.
(a) What was the box size used for extracting the molecules from the micrographs? Is the box size of the averages shown in Fig. 2 A/B the same size as used during image analysis? If so, the rather small box size may explain the limited quality of the averages.
Negatively stained particles were picked in boxes of 128 pixels. Vitrified particles were selected in boxes of 320 pixels. After ctf correction the box size was reduced to 224 pixels and images were binned once more by a factor of 2, resulting in a final image size of 112 pixels.
(b) What does "..images from cryo-EM were 'converted'..." mean?
After scanning the images in TIF format, they were converted to MRC format and imported into IMAGIC. After binning, the images were converted to RAW format, and then imported into SPIDER, which implies conversion to SPIDER format. In the revised manuscript, we have changed the relevant passage to: "After binning, digitized cryo-EM images were converted from RAW format, normalizedÖ".
(c) Correspondence analysis (CA) ignores negative pixel values. Have the authors tried MSA/modulation as implemented in IMAGIC 5 -this option often produces far superior results compared to CA.
We deliberately chose a method of which all details are published, rather than a black box such as MSA/modulation in IMAGIC5.
(d) What does "Further image processing was performed ... with modified scripts from the software package, website and tutorial" mean?
Scripts for all processing tasks come either with the SPIDER installation or are available for download on the SPIDER website. These scripts were the basic framework that was adapted for particle size etc. Furthermore scripts from the different reconstruction approaches in the SPIDER tutorial (Shaikh et al., Nat Protoc., (2008)) were combined as required for this project, as for example the script for random conical tilt reconstruction does not include particle filtering, or refinement by projection matching only performs ctf correction on the reconstructed volume, etc.
In the revised manuscript this passage has been rephrased to "Further image processing was performed with scripts from the SPIDER installation package and SPIDER website (http://www.wadsworth.org/spider_doc/spider/docs/spider.html) that were adapted and combined according to our requirements."
(e) How was the quality of the volumes obtained from only tilted and both tilted/untilted images compared in an objective manner?
Based on the considerations that volumes obtained only from tilted data would suffer more from the missing cone, we decided to include the untilted data as well. For the same reason, we did not calculate volumes from tilted data only.
(f) Page 21: "Eventually, a volume with clear structural features was chosen as the initial model [for projection matching]" Again, how did the authors decide what 's 'clear' or 'unclear' in their models? This passage has been expanded to: "Eventually, a volume with clear structural features for the matrix arm of complex I with its subdomains, and the matrix domains of complex III, was chosen..." on p. 26 of the revised manuscript.
(g) There are ways to independently determine the correct hand of an EM reconstruction (without having to rely on a prior negative stain model or the crystal structure of a component).
Of course it is possible to determine the correct hand of an EM reconstruction independently when using tilted data, but one has to keep exact track of the orientation of the particles at each handling and processing step. With the Polara clip ring cartridge it is difficult enough to load cryo grids without damaging them. Either at this stage or during the following processing steps the handedness can be accidentally inverted. This has happened even with negatively stained specimens (as for example in the complex I maps of Radermacher et al.), even though it is then much easier to keep track of the orientation. We therefore preferred to check the correct handedness against the published X-ray structures, and see no reason not to do this if the information is available. Thank you for sending us your revised manuscript. In the meantime, referees 1 and 3 have seen it again, and you will be pleased to learn that both referees now support publication of the study here. Still, referee 3 raises two issues that should be addressed by modifying the manuscript text. You could send us the final version of the manuscript text via e-mail. We will upload it for you to the system, and we will then formally accept the manuscript.
Thank you very much again for considering our journal for publication of your work.
Yours sincerely

Editor
The EMBO Journal Referee #1 (Remarks to the Author):
All my questions have been addressed adequately, so the manuscript can be published.
Referee #3 (Remarks to the Author):
In their revision, the authors have addressed most of the concerns raised in the first round of review in a satisfactory manner, resulting in a much improved manuscript. One issue, however, requires further clarification.
(2) The rebuttal offered by the authors is not satisfactory. Ca-ATPase is inactive with amphipol bound, probably because the polymer restricts motion of the TM helices with respect to one another (an essential feature of energy coupling in P-type ATPases). Ca-ATPase regains activity upon replacement of amphipol by lipid or detergent, however, the supercomplex in the current study is analyzed in presence of amphipol. Bacteriorhodopsin, a light driven ion pump, does not require large motions of the TM segments for function (and the same may be true for acetylcholine receptor and the other examples given by the authors). Energy coupling by complex I on the other hand likely requires significant motion of TM alpha helices to trigger conformational changes in the proton translocases. This reviewer did not say that the structural model obtained in presence of amphipol is flawed (quite in the contrary, see overall evaluation) but the structural model may represent an inactive state. Since the authors decided against doing an activity assay for the preparation they analyze (it is not clear why this is an "unreasonable" request given the amount of functional and mechanistic detail in the manuscript), they should add a sentence to the discussion acknowledging that the amphipol solubilized complex may be inactive (in a locked conformation). This could actually be an advantage, if only one conformation is present. Again, the in-gel activity assay is promising, but cannot replace an in-solution activity assay. Such assays are well established for the three components of the supercomplex.
Points (1), (3)-(8) have been addressed adequately. Just a minor recommendation regarding point (5).
(5) The authors may also consider changing the sentence added in response to this critique. The way it reads, the sentence implies that the "absence of detergents, ... can cause problems in cryo-EM grid preparation", probably not what the authors intended to say. Response to referees:
It is not clear what kind of in-solution activity assay the referee has in mind. As stated in the rerevised manuscript, we have shown that the electron transfer reactions demonstrated by the in-gel assays work in solution as well. In his comments on the revised manuscript, the referee expresses concern that amphipols might inhibit the proton-pumping activity in the membrane domain of complex I. We think this is unlikely, as proton pumping (for example in bacteriorhodopsin) does not require large movements of trans-membrane helices, and we do not see why this should be so different in the proton-pumping modules of complex I. As for complexes III and IV, which are also proton pumps, we are not aware of any evidence for trans-membrane helix movements associated with proton pumping at all.
Demonstrating proton pumping in the amphipol-solubilized supercomplex is not so much an "unreasonable" request, it is actually close to impossible. The referee appears to be unaware that experimental proof of proton pumping would require reconstitution of the supercomplex into liposomes. Even though this in itself is not impossible (although difficult, as it would involve removal of the amphipols and replacing them by lipid), it would defeat the purpose of the experiment, as it would demonstrate activity in a lipid environment, not in amphipols, and thus not answer the question raised by the referee.
